Abstract. This paper describes how tangential impact velocities can be incorporated into well-known impact theories in deep and shallow water. Taking the deep and shallow flows in turn, it is shown how to link the normal impact Wagner and Korobkin theories to the tangential impact theories of planing and skimming, respectively. An instability is revealed that limits the configurations that can be analysed in the deep water case when the angle of impact is comparable to the deadrise angle. Most of the discussion is confined to two-dimensional flow but a model is also proposed that may describe the spray sheets that can be generated in three-dimensional skimming.
Introduction
The phenomenon of violent impact between rigid surfaces and inviscid liquids leads to many interesting models for the evolution of the liquid surface. One that has been intensively studied mathematically is that of slamming, when the normally impacting body is nearly parallel to the initially flat liquid surface (i.e., when the deadrise angle is small). Even with the simplification of two-dimensionality, and neglecting gravity, surface tension and compressibility, the mathematical challenges are formidable. However, progress can be made by using the ideas of codimension-two free boundary problems [1] to formalize Wagner's idea [2] of working with the so-called 'contact set' rather than the full wetted region of the impactor [3, 4] . Crudely speaking, the contact set is the subset of the wetted region over which the pressure is appreciable.
When the liquid is confined by a flat base, a unified sequence of models emerges in terms of the penetration depth [3] . For impact at small deadrise angles the flows can be broadly classified as
• Wagner flows [2] where the penetration depth is much smaller than the layer depth; these flows are characterized by fast thin splash jets emanating from the perimeter of the contact region; • Korobkin flows [5] where the penetration depth is comparable to the layer depth; these flows are characterized by strong jets, whose thickness is comparable to the liquid depth, but whose roots are still at the perimeter of the contact region. Moreover, the sequence of models smoothly joins Wagner flows for small time with Korobkin flows for larger times.
The first aim of this paper is to present a similar hierarchy of models in the case of oblique slamming. When we begin our discussion in Section 2, it will soon become apparent that the superposition of a tangential velocity comparable to the normal impact velocity has no effect on the above predictions to lowest order. Indeed, this observation is the resolution of one of Trefethen's paradoxes [6] . Hence, we will focus attention on grazing impact, where the tangential velocity of the impactor is comparable to the speed of the jet roots. However, even within this grazing regime, the range of phenomena is so much broader than for normal impacts that, in this paper, we focus on the modelling challenges rather than their mathematical implications.
In Section 2, we begin with the case of semi-infinite liquid regions and we soon encounter grazing impacts where there is the possibility of either cavitation on the 'downstream' segment of the contact region, or of the downstream segment effectively exiting the liquid rather than entering it. By using the displacement potential introduced in [7] , we will be able to present explicit illustration of effective 'downstream exit'. Such a configuration would surely lead to the instabilities described in [8] and thereby render any simple free-boundary model inappropriate. Hence we regularize the problem by shifting our attention to impactors whose downstream geometry terminates in a sharp corner at which the flow separates smoothly. When the normal impact velocity is negligible, this immediately leads into the regime of planing flows, which have been intensively studied since [9] .
There is a famous paradox [9] in the theory of two-dimensional steady planing on liquid of infinite depth, which says that the free surfaces do not have finite asymptotes but instead misalign logarithmically far upstream and downstream; this behaviour is necessary for smooth separation at the trailing edge of the planing body. For small angles of attack, however, the codimension-two idea can be used to think of the flow in terms of a contact region, bounded by the trailing edge and the now small jet root. The index of the associated mixed boundary value problem is one more than in the Wagner theory of slamming; this results in a circulation in the fluid half-space and explains the anomalous far-stream free-surface behaviour. By using our approach to planing as a regularization of grazing slamming, we will be able to illustrate the idea of [10] that this circulation originates at the 'trailing edge' of the planing body at the start of the motion, as in classical unsteady aerofoil theory. We will also be able to see the precise circumstances under which steady planing emerges as the large-time limit.
The above remarks apply to planing bodies that are smooth apart from their trailing edge and at small angles of attack in deep water. As shown in Section 3, the same ideas apply when the contact region and water depth are comparable but, in the shallow water Korobkin regime, we will find that new kinds of 'spouting' phenomena can occur downstream of the separation point. For negligible normal velocity, this takes us into the skimming regime and we will be able to analyse the circumstances under which Tuck's steady travelling-wave solution [11] is approached at large times.
Finally in Section 4 we will make some speculations about three-dimensional oblique slamming, planing and skimming. In [4] the three-dimensional generalizations for normal slamming were easy to conjecture and the same is true for grazing with non-negligible normal velocity. However, the strong asymmetry inherent in planing and skimming will now lead to some completely new models.
Two-dimensional impact on liquid half-spaces

OBLIQUE SLAMMING
The dimensionless oblique slamming problem is shown in Figure 1 in standard notation; φ * (x * , y * , t) is the velocity potential and the free surface y * = h(x * , t) may be multivalued. The body profile is y * = f ( x * − U t) − s(t) where f is smooth, f (x * ) ≶ 0 for x * ≶ 0,
